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We study the làser cooling of one atom in an harmònic 
trap beyond the Lamb-Dicke regime. By using sequences of 
làser pulses of different detunings we show that the atom can 
be confined into just one state of the trap, either the ground 
state or an excited state of the harmònic potential. The last 
can be achieved because under certain conditions an excited 
state becomes a dark state. We study the problem in one 
and two dimensions. For the latter case a new cooling mech- 
anism is possible, based on the destructive interference be- 
tween the effects of làser fields in different directions, which 
allows the creation of variety of dark states. For both, one 
and two dimensional cases, Monte Cario simulations of the 
cooling dynamics are presented. 



I. INTRODUCTION 

Atòmic làser cooling has become recently one of the 
most active research fields in atòmic physics Q . Several 
techniques [||,[| have been developed to cool free àtoms 
up to fractions of the recoil temperature (i.e. the temper- 
ature associated with the recoil of a single photon). The 
sub-recoil laser-cooling methods are based on the crucial 
concept of dark states. These states cannot absorb the 
làser light, and therefore cannot be excited, but however 
can receive population via incoherent pumping, i.e. via 
spontaneous emission, and therefore these states behave 
as trapping states. The dark-state is a general concept, 
and can be obtained by several mechanisms, for exam- 
ple the destructive interference between the absorptions 
from the two ground states of a three level A-system, 
as in Velocity Selective Coherent Population Trapping 
(VSCPT) . On the other hand, làser cooling of trapped 
àtoms to the ground state of a trap has been achieved 
for single trapped ions using sideband cooling [Q in the 
Lamb-Dicke limit (LDL) j^]. This limit corresponds to 
the case in which the size of the ground state of the trap 
ao is very small compared with the wavelength of the ap- 
plied làser A. More rigorously, LDL occurs when rj <c 1, 
where rj is the so-called Lamb-Dicke parameter defined as 
rj = 2nao/X. Sideband Cooling method only works prop- 
er ly in this limit, and also requires the levels of the trap to 
be well resolved, which is achieved in the so-called strong- 
confincmcnt limit, i.e. when 7 < w, where uj is the trap 
frequency and 7 is the spontaneous emission rate (the 
level width) . This last condition can be easily fulfilled by 
using a metastable excited state and quenching its popu- 
lation using a third fast-decaying level 0. However, the 



problem appears in the regime beyond the LDL, in which 
the recoil of the spontaneously emitted photons provides 
a heating mechanism, and therefore new cooling strate- 
gies must be proposed. The most effective techniques 
have been those originally designed to cool free àtoms up 
to subrecoil temperatures, i.e. dark-state cooling tech- 
niques 0. A recent paper proposes a new cooling 
scheme for trapped àtoms beyond the LDL which com- 
bines the ideas of sideband and Raman |^] cooling and 
dark-state cooling, to confine a single trapped atom in 
the ground state of the trap. 

In this series of papers, we study làser cooling tech- 
niques similar to that of M which allow the confining of 
an atòmic sample into just one state of the trapping po- 
tential, either the ground state or an excited state. This 
first paper is devoted to the one-atom problem while the 
second one 11 analyses the new physics appearing for the 
many-atom case. The one-atom problem is interesting as 
such in the context of quantum computation with ions 
JToj l , and also in the production of non-classical states of 
motion of single àtoms or ions jyj. Also the one-atom 
problem is a good starting point to understand clearly 
the cooling processes in the many-atom case, which we 
discuss in detail in ||; therefore this paper is a good 
first step to analyse the possibilities to achieve the Bose- 
Einstein Condensation jï^] with all-optical means. 

The paper is organized as follows. In Sec. [ïï] the cooling 
scheme is described, as well as the difficulties to cool be- 
yond the LDL. In Sec. III we study the one-dimensional 
case, analysing the cooling into the gro und s tate of the 
trap (basically summarizing 
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dimensional cooli ng into an excited of the trap is stud- 
ied in Sec. III B, where t he da rk-state condit ions are 
presented. In section Sec. [VA and Sec. [V B the new 
physics which ap pears in the two-dimensional case is con- 
sidered. In Sec. [V C a new interference mechanism be- 
twee n the làsers in different directions is presented. In 
Sec. 1VD the coolin g into the ground state is analysed, 
wherea s in S ec. |IVE , we employ the dark-state conditions 
of Sec. [II B and also the interferential dark-states of Sec. 



IV C, to confine the atom in an excited two-dimensional 
state. We conclude in Sec. [v|. 



II. MODEL 

We consider làser cooling in a three-level A-system as 
that presented in Fig. The level \g) is the ground 
state, |e) is a metastable state, and \r) is a third fast- 
decaying auxiliary state. A làser, or stricktly speaking 
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two làsers excite coherently the resonant Raman transi- 
tion \g) — > |e) (with some associated effective Rabi fre- 
quency Í2), while a repumping làser in or off-resonance 
with the transition \g) — > |r) pumps optically the atom 
into \g). With this three level scheme, one obtains an 
effective two-level system with an effective spontaneous 
emission rate 7, which can be controlled by varying the 
intensity or the detuning of the repumping làser || . The 
atom is assumed to be confined in an harmònic (isotropic) 
potential of frequeney ui. We denote the states of the 
harmònic oscilator as |n), or \n x ,n y ) when treating the 
two-dimensional case. We assume 7 < u, i.e. we sup- 
pose the so-called strong-sonfinement limit, which is also 
called Festina-Lente limit, and turns to be a crucial point 
in the many atom case in order to avoid the reabsorption 
problem P,|Ï3[1. We also assume íl < 7 and Sl 2 /7 <C w, 
which allows to adiabatically eliminate the excited state 
|e) in the expressions below. 

In the Lamb-Dicke limit (LDL), i.e. when the di- 
mensions of the trap are very small compared with the 
làser wavelength A, it is possible to use Standard Side- 
band Cooling techniques to pump the atom into the 
ground state of the harmònic trap. In this cooling 
mechanism the làser is assumed red-detuned, with de- 
tuning 5 = —lü. Then, the absorption of a làser pho- 
ton induces the transition \g,n) — > \e,n — 1). In the 
LDL, rj 2 = Efí/huj <C 1 , where En is the recoil en- 
ergy Then, in the spontaneous emission the photon re- 
coil is not large enough to produce a jump between the 
states of the harmònic trap; therefore only the transition 
\e, n — 1) — ► \g, n — 1) is possible. Hence, the global effect 
of a complete absorption-spontaneous emission cycle is a 
transition \g,n) — > \g, n — 1). This process is repeated 
until the particle reaches the ground state of the trap, 
where it can no longer be excited by the làser, i.e. \g, 0} 
is a dark state. The latter statement is only truc if we 
operate in the regime 7 < u>. 

Beyond the LDL, En > hui, and hence in the sponta- 
neous process, the atom undergoes transitions |e, n— 1} — > 
\g, n — l±n') where n' ranges from to 0(r] 2 ). This pro- 
cess introduces a heating of the atòmic distribution which 
prevents the confinement of the atom into the ground 
state of the trap. In this paper we study different tech- 
niques which allow us to overcome this problem, recov- 
ering the results of usual Sideband Cooling, and even 
obtaining new physical effects. 



III. ONE DIMENSION 
A. Cooling into the Ground State of the Trap 

1. Cooling Mechanism 

The previous paper || studied the problem of làser 
cooling of a single trapped atom beyond the LDL into 



the ground state of a one-dimensional trap. In this sec- 
tion we briefly review that paper, and discuss a cooling 
mechanism which avoids the heating effects of the usual 
Sideband Cooling by employing the two step process: 

• In the first step the àtoms are confined in the levels 
n < i] 2 . This is achieved by using pulses with de- 
tunings S = —i) 2 u}, where í) 2 is the closest integer 
to rj 2 . The absorption of a làser photon produces a 
transition \g,n) — ► \e,n — 0(i] 2 )), and the sponta- 
neous emission |e, n — 0(r] 2 )) — ► \g, n — 0(r/ 2 ) ±n'), 
where n' ranges from to 0(rj 2 ). As a result, in av- 
erage some energy is lost in each cycle. Obviously, 
the states with n < rj 2 remain dark, and therefore 
the àtoms are finally confmed in these states. Due 
to this, we call these pulses confinement pulses. 

• Using pulses of selected freqüències one can empty 
the trap levels (\g, 1), \g, 2), . . .) without affecting 
the population of \g, 0). Then, in each cooling cycle 
there is some probability to pump into \g, 0). Thcrc 
is also some probability of heating, and therefore we 
must repeat the confinement step, and so on. We 
call the pulses with selected frequeney fine-cooling 
pulses. 

As the result of the cooling process, the atom can be 
confined in the ground state of the trap, as in the usual 
Sideband Cooling. Since the present cooling mechanism 
is based on sequences of different pulses, we call this cool- 
ing mcthod Dynamical Cooling. 



2. Rate Equations 

The dynamics of the system can be well described, af- 
ter adiabatic elimination of the \e) states, by the following 
rate equation: 
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where N n is the probability of the atom to be in the 
level |n) of the trap. The transition rates are: 
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where k is the làser wavevector and W is the angu- 
lar dipole pattern of the spontaneously emitted photons. 
Using closure relations, assuming a làser detuning S = slo 
with s an integer value, and neglecting the non-resonant 
terms, it is possible to write the rates to empty the level 
|m) (called hereafter empty rates) in a very simple form 
in terms of the Franck-Condon factors: 
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if m + s > 0; 
otherwise. 
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3. Numerical resulta 

Monte Cario simulations of Eq. (Q) yield similar re- 
sults to those of ||. In Fig. |^b the cooling dynamics 
for the case of 77 = 3.0, 7 = O.Olw is shown, where 
the initial distribution was taken to be thermal with 
the mean (n) = 6. We use a sequence of four pulses 
of detunings 81^2. 3, 4 = — 9a->, 0, — ÍOlo, — lu and durations 
T\,2.3,4 = 27/í] 2 to confine the atom with almost total 
probability in the ground state of the trap. Pulses 1 and 
3 are confining pulses, and 2 and 4 are fme-cooling pulses. 
The reason of applying two different confinement pulses 
slightly detuned one respect to the other, is the oscilatory 
character of the Franck-Condon factors, which produces, 
as observed in Fig. ||a, that the empty rates have quasi- 
zero minima for each detuning. By applying two sligthly 
detuned làsers this problem is avoided because the states 
that one làser does not empty the other làser does, and 
vice versa. The same reasoning explains the use of two 
fme-cooling pulses. 



B. Cooling into an Excited State of the Trap 

1. Condition to obtain a Dark Excited State of the Trap 

In the present section we present a new mechanism 
that allows the confining of the atom into an excited state 
of the trap. This cooling mechanism is based on the 
properties of the Franck-Condon factors appearing in Eq. 
(||), which are of the form: 
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For a particular excited state \m) of the trap, one can 
prové that for certain vàlues of the detuning and of the 
Lamb-Dicke parameter, the sum in the last line of Eq. (ji)) 
cancels out. If this occurs, and following Eq. (||), one can 
observe that this level \m) is not emptied, and therefore 
becomes a dark state. The dark-state conditions for the 
states |1) and 2} of the trap, are respectively: 



if = s + 1 

= (s + 2)(l±( S + 2)- 1 / 2 ) 



(5a) 
(5b) 



Certainly, these conditions have some limitations. 
First of all, as the detuning must be integer (i.e. s 



must be an integer number), only particular vàlues of 
r\ are vàlid in order to satisfy the dark-state conditions. 
This is not a major problem because the trap frequeney 
can be externally controlled. However, one must note 
that for the case of one-atom problem these conditions 
are certainly rather restrictive. Dynamical Cooling of a 
single atom is critically sensitive to the deviations from 
the dark-state conditions. We show in || that fortu- 
nately this is not the case in the many atom problem 
with bosonic àtoms. The limitations are overcome due 
to quantum statistical effccts (bosonic enhancement ef- 
fect). 



2. Scheme to cool into an excited state of the trap 

Using the dark-state condition it is possible to design 
a cooling mechanism that allows the confinement of the 
atom into an excited state of the trap. The cooling mech- 
anism consists as in the ground-state cooling in a se- 
quence of several pulses: 

• 1. Confinement pulse: exactly the same as in the 
ground-state cooling. The use of two sligthly de- 
tuned confinement pulses is also recommended. 

• 2. Dark-State cooling pulse: which fullfills the 
dark-state condition for a selected excited state. 

• 3. Auxiliary pulses that avoid the oscilatory char- 
acter of the empty rates of the dark-state cooling 
pulse, but do not affect the excited state in which 
the confinement is to be produced. 

In Figs. |^ the case of 77 = 3.0, 7 = O.OIoj is analyzed. 
We have used cycles of four pulses of detunings ^1.2,3,4 = 
— 9w, 8u>, — IOuj, — 3lü and durations ^2,3,4 = 27/f} 2 to 
confine the atom with almost total probability in the first 
excited state of the trap. Pulses 1 and 3 are confinement 
pulses, the pulse 2 fulfills Eq. ( |5aj ) and is therefore the 
dark-state pulse for the level and the pulse 4 is an 
auxiliary pulse. In Fig. ^ the empty rates corresponding 
to pulses 2 and 4 are depicted. Note that the both pulses 
do not empty the level |1), and that it is the only level 
not emptied by them. Thus, the level |1) becomes a trap- 
ping state. Fig. [|b shows the dynamics of confinement in 
the state |1) for the considered sequence of pulses, where 
the initial distribution was taken to be thermal with the 
mean (n) — 6. 

The atom can also be confined in higher levels of the 
trap. Fig. ^ shows the dynamics of the confinement into 
level |2), for the case of r\ — 3.065, 7 = 0.01w, the initial 
thermal distribution with the mean (n) = 6, and cycles of 
four pulses of detunings ^1,2,3,4 = — 9w, llw, — lOu), — 5u> 
and durations 21,2,3,4 = 27/íí 2 . As previously, the pulses 
1 and 3 are confinement pulses, the pulse 2 fulfills Eq. 
( pb| ) and is therefore a dark-state pulse for the level |2), 
and the pulse 4 is an auxiliary pulse. 
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IV. TWO DIMENSIONS 

A. Main new features in dimensions higher than one 

In this section we consider the single àtom cooling in 
two dimensions. The two dimensional problem contains 
essentially all of the main new physical features that ap- 
pear when one considers dimensions higher than one, 
namely: 

• The number of levels involved is larger (squared 
for the two-dimensional case). Therefore the atom 
can perform a random walk in a larger phase space, 
which means that the cooling is neccesarly slowlier 
than in the one-dimensional case. 

• Cooling in one direction means heating in the other 
directions. This fact makes neccesary the use of 
làsers in different directions. Therefore, we will 
consider two làsers propagating in directions x and 
y, providing an elèctric ficld 



É = É (e ikx + Ae iky ) e~ luJt + c.c 



(6) 



n 2 f* r 

I*-* = — / dej) I Bw6dffW(<f>,0) 
2 1 Jo Jo 

y> 7 (n x | e lk sin 8 cos | l x ) (l x e lkx \ m x ) 



[S - lü{I x - m x )] + i-y 



lx,ly=0 

x(n y \e lksinf>sin * x \m y )S ly 



~/{n y \e ik sin 9 sin \l y ) (l y \e lky \m v 



[5 - Lü(l y - m y )] + ij 



x{n x \e 



ik sin 9 cos tfix 



m x )8i i 



(7) 



where n = (n x ,n y ). Proceeding as in the one- 
dimensional case, it is possible to obtain a simple form 
for the empty rates: 
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where the parameter A accounts for a possible dif- 
ference of intensities or dephasing between both 
làsers. As we indicate below this parameter turns 
to be important under certain conditions. 

• Confmement pulses are no longer pulscs of detun- 
ing S = ~fj 2 Lü. This fact can be easily under- 
stood if we consider the case in which the atom ab- 
sorbs a photon in direction x. Assuming a detuning 
5 = —r) 2 uj, after an absorption the atom makes a 
transition \g, n x ,n y ) — > \e,n x — 0(rj 2 ),n y ), and af- 
ter the spontaneous emission e, n x — 0(rj 2 ), n y ) — > 
\g, n x — 0(r] 2 ) ± n' x , n y ± n' y ), where both n' x and 
n' y range from to 0(n 2 ). Therefore the two- 
dimensional quantum number n = n x + n y changes 
into n + n' where n! ranges between 0(—3r] 2 ) and 
0(ri 2 ), and therefore an average heating is pro- 
duced. For the two-dimensional problem, the true 
confinement pulses are those with detuning i5 = 
—2f] 2 Lú (in general for D dimensions 5 = —Dt) 2 uj), 
as can be easily proved by using the same reasoning 
as above. 

• New cooling mechanisms can be designed, as we 
show below. 



B. Rate Equations 

The cooling dynamics is regulated by a set of rate 
equations as that of Eq. (Q) . The transition rates in the 
two-dimensional làser arrangement considered are of the 
form: 



C. Destructive interference of the absorption 
amplitudes: New dark-states in two dimensions 

Let us consider the case in which 8 = 0, i.e. s = 0. 
Let us also assume that both làsers in directions x and y 
have the same intensity but are 7r-dephased, i.e. A = — 1. 
Then, Eq. (@) becomes: 




Eq. (g) shows that in the case of an isotropic trap, all 
the states in which m x — m y , satisfy T r % — 0, i.e. are 
not emptied. Id est, the destructive interference of the 
absorption of the two làsers produces that the diagonal 
levels become dark. As we show in the following sec- 
tion, this fact can be employed to cool the atom into the 
ground state of the two-dimensional trap with more efh- 
cieney than the simple extension of the one-dimensional 
mcthod to two dimensions. Moreover, if we set 



{m y \e ik y\m y ) 

where m° = {m x , mj) is a particular state of the two- 
dimensional trap, then from Eq. (|g) it is easy to observe 
that this particular level becomes a dark state. There- 
fore, we can specifically design the factor A to regulate 
the interference between the two làsers in such a way that 
a selected state rh° becomes dark. As always, this fact 
can be employed to design a cooling mechanism to pump 
the atom into the level m°. An example of this selective 
cooling is discussed in section IV. E. Also one can use 
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Eq. (10) togeneralize the dark-state condition appearing 
from Eq. (|9|) for the more general case of an anisotropic 
trap. 

Additionally, the dar k-state condition for the excited 
states presented in Sec. 



[II Bl 



remains vàlid for the two- 
dimensional case, allowing the coolin g into excited states 
of the trap, as we show in Sec. [VE. 



D. Cooling into the Ground State of the Trap 

In this section we demonstrate how the previously pre- 
sented destructive interference between the làsers can be 
employed to improve the cooling into the ground state of 
the trap. As in one dimension, the cooling mechanism 
consists of sever al pulses: 

• 1. Confinement pulses: with the same function as 
in the one-dimensional case but, instead of pulses 
with detuning £ — — fj 2 Lü : we use, following the rea- 
sonings of Sec. IVA, £ — —2rj 2 ui. The use of two 



sligthly detuncd confinement pulses is also needed. 

• 2. Dark-State cooling pulses: with detuning £ = 0, 
and with ratio between the làser amplitudes A = 
— 1. Following the discussion of the previous section 
the diagonal states m x = m y are dark for these 
pulses. 

• 3. Sideband cooling pulses: of course the dark-state 
pulses induce trapping in the diagonal states, and 
not only in (0,0). In order to avoid that, a usual 
Sideband cooling pulse is neccesary, i.e. a pulse 
with detuning 5 = —u). 

• 4. Pseudo-confining pulses: as pointed out in Sec 
IV. A. the atom performs its random walk in a 
larger phase space, and therefore with the only use 
of pulses 1, 2 and 3 the cooling is neccesarly very 
slow. In order to improve the cooling time we use 
pulses with 5 — —fj 2 and pulses with £ = — r} 2 /2 
(closest integer to this value) . These pulses pseudo- 
confine the atom below n — i) 2 and n — fj /2, re- 
spectively. Due to this fact we call these pulses 
Pseudo-confinement pulses. 

Fig. |^ shows the cooling dynamics for the case 
of r) = 3.0, 7 = O.Olw, and an initial thermal 
distribution with mean (n) = 6. We have used 
cycles of eight pulses of detunings £1,2,3,4,5,6,7,8 = 
— 18a;, —9a;, — Alü, 0, — 19a;, — 10a;, — 5a;, — lo, all of them 
with duration T = 2^/íï 2 . In solid-line is represented 
the case of A = — 1 for all the pulses, whereas in dashed- 
line the case A — 1 is depicted. Note that due to the 
form of Eq. (||) , only for <5 = it is relevant if A = 1 or 
A = — 1. Pulses 1 and 5 are confinement pulses. Pulse 
4 is the dark-state pulse (for the case A = —1). Pulse 8 
is the Sideband Cooling pulse. Pulses 2, 3, 6 and 7 are 
pseudo-confinement pulses. One can observe that for the 



case of A — —1 the cooling is very much effective than 
for the case of A = 1. Therefore, the interference mecha- 
nism which appears in two dimensions (and in general in 
dimensions higher than one) between the absorption am- 
plitudes of làsers in different directions can be employed 
to improve the cooling tcchniquc. 



E. Cooling into an Excited State of the Trap 

In this section, we employ the two different kinds of 
dark-states, i.e. those produ ced by t he special form of the 
Franck-Condon factors (Sec. [II B 1 ), and those produced 
by th e interference of làsers in different directions (Sec. 
[V C ), to confine the atom into an excited state of the 
harmònic trap. As in the previous section the use of 
confinement and pseudo-confinement pulses is in this case 
also neccesary. 

Let us analyse in first place the cooling using the 
Franck-Condon properties. Fig. |^ shows in sòlid line 
the dynamics of the probability to occupy the level (1, 1) 
of the trap, for the case of 77 = 3.0, 7 = 0.01a;, the 
initial thermal distribution with the mean (n) = 6, 
and a sequence of pulses of detunings: £1,2,3,4,5,6,7,8 = 

— 18a;, —9a;, —4a;, 8a;, —19a;, —10a;, —5a;, —3a;, all of them 
with duration T — 2j/íl 2 . As previously, pulses 1 and 
5 are confinement pulses, and pulses 2, 3, 6 and 7 are 
pseudo-confinement pulses. Pulse 4 fullfills Eq. (5a), and 
from Eq. (||) it is trivial to see that for an isotropic trap 
the level (1,1) of the trap becomes a dark-state for this 
pulse. Finally pulse 8 avoid the formation of undesired 
unemptied states. One can observe that an almost com- 
plete confinement of the atom into the level (1,1) can be 
obtained. 

Fig. H shows in dashed line the dynamics of the 
probability to occupy the level (2, 2) of the trap, 
for the case of 77 = 3.065, 7 = 0.01a; and 
a sequence of pulses of detunings: £1,2,3,4,5,6,7 = 

— 18a;, —9a;, —4a;, lla;, —19a;, —10a;, —5a;, all of them 
with duration T = 2j/íl 2 . The pulses play the same 
role as in the previous case. One can observe that the 
atom can be confined with large probability into the level 

( 2 > 2 > . ^ 

Finally, let us consider the cooling mechanism us- 
ing the dark-states produced by the interference be- 
tween the two làsers. Fig. [j] shows the cooling dy- 
namics for the case of 77 = 3.0, 7 = 0.01a;, the 
initial thermal distribution with the mean (n) = 6, 
and a sequence of pulses of detunings: £1,2,3,4,5,6,7,8 = 

— 18a;, — 9a;, — 4a;, 0, — 19a;, — 10a;, — 5a;, — 2a;, all of them 
with duration 27/fi 2 , except pulse 4 which has a du- 
ration 87/Í2 2 . For all the pulses we consider the case of 
A = — 1, except pulse 4 for which we use A = 1/8, sat- 
isfying Eq. ( |10| ) for the level (0, 1). As previously, pulses 
1 and 5 are confinement pulses, and pulses 2, 3, 6 and 
7 are pseudo-confinement pulses. Pulse 4 is a dark-state 
pulse for the level (0, 1), and pulse 8 avoids the formation 
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of undesired unemptied states. One can observe that the 
atom can be confined with large probability into the level 
(0,1). 

F. Limitations of the dark-state produced by the 
interference of absorption amplitudes 

We have shown that the destructive interference be- 
tween the làsers in both directions allows the improve- 
ment of the cooling in the ground state of the harmònic 
trap, and also provides a new mechanism to cool the 
àtoms in a selected excited state of the trap. Unfortu- 
nately this interference mechanism is not vàlid for large 
vàlues of the Lamb-Dicke parameter rj. The reason is 
the following. The interferential mechanism is based on 
pulses with detuning 5 = 0, i.e. pulses whose resonant 
absorption produces a jump between one state of the trap 
and itself. For sufficiently large rj the Debye-Waller fac- 
tor e~ v I 7, , which appears in the Franck-Condon factors 
(Eq. (^)), becomes very small, and therefore the Franck- 
Condon factors connecting one state with itself are very 
small. This fact implies that the empty rates practically 
vanish for all the states, i.e. all the states of the trap 
become dark, whatever the value of A, and therefore the 
interference mechanism is no more vàlid. The interfer- 
ence mechanism can be employed, roughly speaking, for 
r] not larger than 4. 



làsers. This destructive interference can be used to create 
dark-states which, as we have shown numerically, allow 
the improvement of the efectivity of the cooling into the 
ground-state. Also this interference mechanism can be 
uscd to cool into selected excited states of the trap. 

For larger Lamb-Dicke parameters (77 > 4) the inter- 
ference method is no longer vàlid. In that regime, the 
only possibility seems to be the extension of the one- 
dimensional results of || (basically based on the use of 
blue-detuned làsers to empty the states different than the 
ground-state) to higher dimensions, by using a two-laser 
arrangement, and confincmcnt and pseudo-confinement 
pulses. Fortunately, the dark-state condition based on 
the properties of the Franck-Condon factors remains ef- 
fective for large Lamb-Dicke parameters, allowing the 
excited-state cooling also in this regime. 
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V. CONCLUSIONS 

The cooling dynamics of a single atom trapped in 
one-dimensional and two-dimensional harmònic poten- 
tials has been analyscd. Using a particular sequcncc 
of confinement plus fine-cooling pulses the atom can be 
cooled into the ground state of the one-dimensional trap. 
Moreover, by using the special properties of the Franck- 
Condon factors, a selected excited state of the trap can 
be made dark, and then a cooling mechanism can be de- 
signed to cool into it. We have determined the dark-state 
condition, and proved via Monte Cario simulations that 
the atom can be confined with almost total probability 
in the selected excited state. However, the formation of 
the dark-state is very sensititive to the deviations from 
the dark-state condition. This condition is by far very 
much less restrictive for the case of many àtoms in the 
trap as we show in 

The difficulties to cool in higher dimensions han been 
analysed on studying the two-dimensional case. In par- 
ticular one needs a new làser arrangement with two or- 
thogonal làsers and confinement pulses with twice the de- 
tuning of the one-dimensional confinement pulses. The 
difference between the amplitudes of the orthogonal 
làsers acts as a new degree of freedom that can be used for 
Lamb-Dicke parameters ij < 4 to produce a destructive 
interference between the absorption amplitudes of both 
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FIG. 1. Internal atòmic configuration considered through- 
out the paper. 
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FIG. 2. (a) Empty rates as a function of the trap level, 
for r\ — 3.0, 7 = O.OIüj, and for the case of a pulse with 
S = seu, with s = —9,-10. (b) Dynamics of the occupation 
probability of the level n = as a function of the applied cy- 
cles, starting from the thermal state with the mean number 6. 
Each cycle consists on a sequence of four pulses of detunings 
<5i,2,3,4 = — 9lü, 0, — 10lü, — tu and durations 21,2,3,4 = 2-y/Q 2 . 
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FIG. 3. (a) Empty rates as a function of the trap level, for 
the case of r\ = 3.0, 7 = O.OIcj, and a pulse with 5 — sco, 
with s = 8, —3. (b) Dynamics of the occupation proba- 
bility of the level n — 1 as a function of the applied cy- 
cles, starting from the thermal state with the mean num- 
ber 6. Each cycle consists on a sequence of four pulses 
of detunings £1,2,3,4 = —9lü,8uj,—10lú,—3uj and durations 

21,2,8,4 = 2 7 /í7 2 . 
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FIG. 4. Dynamics of the occupation probability of the level 
n — 2 as a function of the applied cycles, starting from 
the thermal state with the mean number 6. We consider 
the case of rj = 3.0, 7 = O.OIoj, and cycles of four pulses 
of detunings 5i, 2,3,4 = — 9oj, IIlj, — 10uj, — 5u> and durations 
21,2,8,4 = 2 7 /n 2 '. 
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FIG. 5. Dynamics of the occupation probability of the level 
(0, 0) as a function of the applied cycles, starting from the 
thermal state with the mean number 6. We consider the case 
of T) = 3.0, 7 = 0.01a; and cycles of eight pulses of detunings 
<5i,2, 3,4,5, 6,7,8 = — 1&j, —9ui, —4lú, 0, — 19u), — Wu), — 5lu, —lo, all 
of them with duration T = 2j /Q, 2 . In solid-line is represented 
the case of A = —1 for all the pulses, whereas in dashed-line 
the case A = 1 is depicted. 
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FIG. 7. Dynamics of the occupation probability of the level 
(0, 1) as a function of the applied cycles, starting from a ther- 
mal state with a mean number 6. We consider the case of 
r\ — 3.0, 7 = O.Oluí, and cycles of eight pulses of detunings 
<5l,2, 3,4,8, 6,7,8 = — 18a>, — 9uj, —Alü, 0, —19uj, ~ 10lü, ~5uj, —ui, all 
of them with duration T = 2j/Q 2 , except pulse 4 which has 
a duration T = 87/íl 2 All of them have A = — 1 except pulse 
4 which has A = l /8. 
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FIG. 6. In sòlid line, the dynamics of the occupation 
probability of the level (1, 1) is depicted as a function of 
the applied cycles, starting from the thermal state with 
the mean number 6. We have considered the case of 
77 = 3.0, 7 = 0.01a;, and cycles of eight pulses of detunings 
5i,2, 3,4,5, 6,7,8 = — 18w, — 9ui, — 4u, 8uj, — \9lü, — 10a;, — 5uj, — 3uj, 
all of them with duration T — 27/Sl 2 . In dashed line, the 
dynamics of the occupation probability of the level (2, 2) is 
shown for the case of cycles of seven pulses of detunings 
5i,2, 3,4,6, 6,7 = — 18a>, — 9a), — 4w, 11, — 19w, — lOw, — 5w, all of 
them with duration T — 2j/íl 2 . 
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